Primordial inflation may represent the most powerful collider to test high-energy physics models. In this paper we study the impact on the inflationary power spectrum of the comoving curvature perturbation in the specific model where massive higher spin fields are rendered effectively massless during a de Sitter epoch through suitable couplings to the inflaton field. In particular, we show that such fields with spin s induce a distinctive statistical anisotropic signal on the power spectrum, in such a way that not only the usual g2M -statistical anisotropy coefficients, but also higher-order ones (i.e., g4M , g6M , · · · , g (2s−2)M and g (2s)M ) are nonvanishing. We examine their imprints in the cosmic microwave background and galaxy power spectra. Our Fisher matrix forecasts indicate that the detectability of gLM depends very weakly on L: all coefficients could be detected in near future if their magnitudes are bigger than about 10 −3 .
I. INTRODUCTION
Inflationary models for the early universe fit very well with various cosmological observations, and in particular those related to the cosmic microwave background (CMB) anisotropies [1] [2] [3] . Despite its observational success, we do know very little about the finest details of the inflationary dynamics and of the physics underlying inflation. The simplest models are based on a single slowrolling scalar field, and built on an isotropic and homogeneous Friedmann-Robertson-Walker background spacetime. However, the very same fact that makes inflation so appealing, namely, the fact that it can be a privileged laboratory of high-energy physics, as high as 10 14 GeV, never achievable by terrestrial laboratories, urges us to be open minded on the very nature of inflation itself. For example, on the one hand, an interesting question is the following: what is the precise field content during inflation, namely, what are the extra fields other than the inflaton that could leave specific signatures in the primordial curvature perturbations generated during inflation? On the other hand, relic signatures of broken isotropy and/or homogeneity can represent a very interesting probe of inflation as well (at least to test some of the pillars on which the standard cosmological model is based on), and at the same time they can be themselves a manifestation of extra degrees of freedom (d.o.f) during inflation (signaling, e.g., the presence of vector spin-1 fields). Primordial non-Gaussianity of the perturbations arising from inflation, which nowadays is a precision test of inflation (see, e.g., the reviews [4, 5] and Ref. [2] ), can provide very useful information for both issues, possibly revealing some fine details which, e.g., can unveil the particle spectrum content of inflation via the effects of the inflaton interactions with these extra particles.
The case of extra light scalar fields is a well-known case (see, e.g., the review [6] ) as well as the case of scalar fields present during inflation with masses m ≥ H, with H denoting the Hubble parameter during inflation, which is still not so large as to simply be integrated out in the inflationary action, e.g., the so-called quasisingle field models of inflation [7] [8] [9] [10] [11] (see also Ref. [12] ). References [13] [14] [15] showed for the first time that in the case of extra vector spin-1 fields the bispectrum of curvature perturbations ζ is characterized by a nontrivial angular structure, particularly relevant in the squeezed limit, and it was argued that this would be a specific signature of higher spin fields during inflation. In such a case, the specific angular dependence of the bispectrum is described in terms of Legendre polynomials L (x) between the three wave vectors, namely, B n ζ (k 1 , k 2 , k 3 ) = C n L n (k 1 ·k 2 )P ζ (k 1 )P ζ (k 2 )+2 perm, (1) with P ζ the power spectrum of curvature perturbations. Notice that in the model of Ref. [14] , where a U (1) gauge vector field is coupled to the inflaton φ field via the interaction I(φ)F 2 , a statistical anisotropic power spectrum and bispectrum are generated and, after an angle average, the bispectrum takes the above expression. For other models involving vector fields generating in a similar manner a bispectrum like Eq. (1) see, e.g., Ref. [16] . Such an angular dependence in the bispectrum can also be generated by models of solid inflation [17] and primordial magnetic fields [15, 18, 19] .
More recently the authors of Refs. [20, 21] showed how primordial non-Gaussianity in the squeezed limit depends in a specific way on the masses and spin of higher spin particles present during inflation (see also, e.g., Ref. [22] ). They focused on the case of massive (m ≥ H) higher spin particles, in which case, despite the fact that their fluctuations decay outside the Hubble horizon, they leave specific signatures in the correlators of the curvature perturbation ζ, namely, an oscillatory behavior that depends on the masses of the extra particles and the angular structure of the primordial correlators that depend on their spin. There has been also an intense investigation of the effects on CMB and large-scale structure (LSS) of massive spin-zero particles and forecasts for their detection [23] [24] [25] [26] [27] [28] [29] , along with forecasts on the angular dependence of Eq. (1) using various observables [15, [30] [31] [32] [33] , and corresponding constraints from the Planck data [1, 2] . Only recently similar forecasts have started to be investigated for the bispectrum generated by higher spin massive particles [34] to understand the detectability level of the signatures predicted in Refs. [20, 21] .
On the other hand, the results of Ref. [14] in the case of vector spin-1 fields showed that one may expect an anisotropic background field and a large (statistical) anisotropy of the perturbations to be a general outcome of models that sustain higher than 0 spin fields during inflation. One of the crucial ingredient is a coupling of the vector field with the inflaton field to allow the spin-1 fluctuations not to decay on super-horizon scales. In this way a classical background vector field unavoidably gets generated at large scales during inflation from the infrared fluctuations produced during inflation. The resulting cosmological perturbations ζ that arise from such a coupling by taking into account the classical vector field is characterized then by a breaking of statistical isotropy in the power spectrum and in the higher-order correlators.
Based on this result, another way through which higher spin d.o.f can leave a distinct signatures in the inflationary fluctuations ζ has been studied in detail in Ref. [35] . In particular, the authors computed a general form of the anisotropic power spectra that arises from a generic spin-s state. Its form can be written as in the following expansion (see later for more details):
Here, the reality condition and parity invariance of the curvature power spectrum imposes
and g L=odd,M = 0. This is the case we are going to focus on in this paper. One interesting feature is that, for a given state of spin s the multipole coefficients g LM run up to g (2s)M . A detection of these coefficients in the primordial power spectrum could reveal the presence of higher spin d.o.f during inflation. In particular, we have studied what the effect of these coefficients in the CMB and in the LSS galaxy power spectra is. Our main results are a forecast about the sensitivity of present and future CMB missions and LSS surveys to the multipole coefficients g LM which set the level and the type of statistical anisotropy in the primordial power spectrum. Following Ref. [35] and to the best of our knowledge, a prediction for nonvanishing coefficients g L≥4,M due to higher spin fields is derived for the first time in this paper where we also provide a forecast on such coefficients. As a concrete example we have focused, in particular, on the case of a spin s = 2 field, but our result can be easily generalized to higher spin s > 2. Indeed another interesting result that we find is the almost independence of our forecasts on L and hence we expect that our results can be applied also to the case of a spinning state with spin s > 2. In fact the case s > 2 can be particularly relevant for models of inflation where higher spin fields are implemented consistently. Indeed, since the seminal work of Vasiliev [36] , it is well known that massless higher spin field equations can be written in de Sitter spacetime, at the expense of introducing an infinite amount of spin states. As detailed below, we find that, e.g., by exploiting Planck data and present LSS surveys a sensitivity to g 4M as low as 10 −2 can be achieved, and that an order of magnitude improvement can be achieved for CMB and LSS ideal (cosmic-variance-limited) surveys.
The paper is organized as follows. In Sec. II we briefly recall and summarize the main features of the models studied in Ref. [35] , starting from the expression for the statistical anisotropic power spectra, Eq. (8), which is then expanded as in Eq. (2) . In Sec. III we derive the expressions for CMB angular power spectra induced by the anisotropic power spectra (8) and we derive our forecasts for CMB experiments. In Sec. IV we instead provide our results for the galaxy power spectra and the sensitivity of present and future LSS surveys to the imprint of higher spin states. Finally we comment on our results and we conclude in Sec. V.
II. ANISOTROPIC PRIMORDIAL CURVATURE POWER SPECTRA FROM HIGHER SPIN FIELDS
As we have mentioned in the Introduction, it is possible to generate anisotropic power spectra and bispectra in the primordial perturbation of the comoving curvature perturbation ζ by coupling vector spin-1 perturbations to the inflaton field φ in such a way that they remain constant on super-Hubble scale. This is achieved by modifying the kinetic term of the vector field through a kinetic term of the form [14, 37, 38] 
Such a model has been first proposed as a magnetogenesis scenario in Ref. [37] , and it has been later considered in the context of anisotropic models of inflation sourced by a nonvanishing vacuum expectation value of the vector field. In the latter case, by suitably choosing the coupling function I(φ), it is possible to produce an almost constant vector energy density [and correspondingly nondecaying super-horizon (almost) scale invariant fluctuations of the vector field]. In fact one can introduce an "electric field"
where · · · stands for the vacuum expectation value, and a prime is a derivative with respect to the conformal time dτ = dt/a(t). Therefore, in the standard case, I = const., the classical equation of motion from Eq. (3) 
, while a constant "electric" fieldĒ i (and hence a constant energy density ρ E = | E| 2 /2) is generated with
. Given a slow-roll potential for the inflaton field φ, this can be achieved by arranging the functional form of I(φ) with the inflaton potential [38] . In these models cosmological perturbations arising during inflation leave specific imprints in terms of a quadrupolar anisotropy in the primordial curvature power spectrum dictated by the vacuum expectation value of the nonvanishing background classical field. If, for instance, a classical background for the electric fieldĒ i components is generated (that is for wavelengths much larger than the Hubble radius during inflation) along a given directionp, then the two-point correlator of the curvature perturbation is modified as [14, [39] [40] [41] [42] 
whereP ζ is the isotropic part of the power spectrum, θ k is the angle between the directionsp andk 1 , and the amplitude of the anisotropic modulation c 1 scales like
, with H the Hubble rate during inflation, = −Ḣ/H 2 one of the slow-roll parameters, N k the number of e-folds until the end of inflation calculated from the instant when the wavelength 1/k leaves the Hubble radius, and M pl the reduced Planck mass. The quadrupolar anisotropy arises because of the interactions between the curvature perturbation ζ and the electric vector field fluctuations δE i . The Lagrangian (3) in fact gives rise to interaction terms of the typeĒ i δE i ζ and (δE i ) 2 ζ, both generating a correction to the power spectrum due to the vector internal leg exchange among the external curvature ζ legs (see Ref. [14] for the corresponding Feynman diagrams).
This example emphasizes the importance of the presence of spinning extra d.o.f during inflation. If minimally coupled to the spacetime background, massive higher spin fields modify the squeezed limit of the non-Gaussian correlation functions of the curvature perturbation when intermediate higher spin fields are exchanged in internal lines [20, 21, 25] . The correction to the non-Gaussian correlators depends on their masses and spins thus carrying information about these fundamental parameters. The fact that fields with spin s may play a dynamical role only as virtual states is due to the fact that the de Sitter isometries impose the so-called Higuchi bound [43] on their masses
This implies that on super-Hubble scales the fluctuations of the higher spin fields decay at least as e −Ht [20] and their imprints onto the non-Gaussian correlators are suppressed by powers of the exchanged momentum in the squeezed configuration.
The example of the vector field teaches us however the lesson that spinning d.o.f can be long lived on superHubble scales if suitably coupled to the inflaton field. This has been recently investigated in Ref. [35] where, through a bottom-up approach starting from the equation of motion of the higher spin fields and requiring the correct number of propagating d.o.f, it has been shown that there exist couplings with the inflaton field which allow the higher spin perturbations to remain constant on scales larger than the Hubble radius.
Inflation may offer therefore a unique chance to test the presence of spinning high-energy states. One possible way is the following. Similarly to the case of the vector field for which an infrared electric (or magnetic) component can be generated during inflation through the accumulation of the various perturbation modes exiting the Hubble radius before the 60 or so e-folds to the end of inflation [14] , infrared modes of the higher spins can be generated. Indeed, even if a zero mode of the higher spin field is not present at the beginning of inflation, it will be generated with time with an amplitude of the order of the square root of its variance, σ i1···is ∼ H 2 N , with N the total number of e-folds [35] . Indeed, by properly coupling the higher spin field to a function I(φ), the helicity s mode of such a field obeys the equation [35] 
where
For such values, the canonically normalized higher spin fieldσ s = exp(I(φ)/2)σ s is quantum mechanically generated with a constant value on super-Hubble scales in the very same way the scalar perturbation ζ is.
This classical background breaks the isotropy. Indeed, if the higher spin field couples to the inflaton through a suitable interaction of the form
with g s a spin dependent coupling, it leads to an anisotropic correction to the comoving curvature power spectrum of the form [35] 
by σ the overall amplitude of the classical background σ i1···is and again with θ k the angle between the directionsk 1 andp, the latter identifying the special direction identified by σ i1···is . In general we have that
and Sym denotes complete symmetrization. For instance, for s = 2, s = 3, and s = 4, we have
and so on. The goal of the paper is to investigate the capability of current and future cosmological observations to detect or put bounds on the anisotropic signatures induced in the power spectrum of the curvature perturbation. For the following phenomenological analyses, we decompose the characteristic angular dependence in Eq. (8) into the spherical harmonic basis according to Eq. (2). As the amplitude parameter c s is constant in k 1,2 , we express sin 2s θ k in terms of the Legendre polynomials L L (cos θ k ) as
In the last line the L = 0 mode and the others are written separately. The Legendre coefficients are computed according to
where µ k = cos θ k =k 1 ·p. Therefore, the comoving curvature power spectrum (8) can be rewritten as
Comparing this with Eq. (2) after the spherical harmonic decomposition:
we obtain P ζ (k) =P ζ (k) (1 + c s A 0 ) and
For L ≥ 0 and s ≥ 0, Eq. (15) is solved analytically as
and we therefore find that
. (20) It is easy to check that due to the poles of Γ(z), we have g L>2s,M = g L=odd,M = 0, so we see that there are s nonvanishing multipole coefficients: g 2M , g 4M , · · · , g (2s−2)M and g (2s)M . Moreover, the contribution of large spins (s 1) are not exponentially suppressed but rather
For example, nonzero g 2M and g 4M arise in the s = 2 case and in this case the curvature power spectrum is
, and g 2M and g 4M are given, according to Eq. (20) , by
The quadrupolar coefficients g 2M have been both theoretically and observationally well studied (see, e.g., Refs. [1, 14, [39] [40] [41] [42] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . The latest limit |g 2M | 0.01 [1, 48, 55] (see also Ref. [2] ) can be directly translated into the bound on c 2 via Eq. (23) ifp is fixed or marginalized over. There are also the CMB constraints on higherorder coefficients [56, 57] , providing the information on c s>2 . From the next section, we analyze the induced signatures in the CMB and galaxy power spectra, and then focus especially on the impacts of the hexadecapolar term g 4M .
III. ANISOTROPIC SIGNATURES IN THE CMB POWER SPECTRA
At linear order, the harmonic coefficients of the CMB temperature (X = T ) and E-mode polarization (X = E) anisotropies sourced by the curvature perturbation are expressed as
where T X (k) is the scalar-mode CMB transfer function. The angular power spectra induced by Eq. (2) are derived from this, reading
with h l1l2l3 ≡ (2l 1 + 1)(2l 2 + 1)(2l 3 + 1) 4π
We notice that the nonzero g LM 's generate not only diagonal ( 1 = 2 ) but also off-diagonal ( 1 = 2 ) modes in C X1X2 1 m1, 2m2 (28) . To be specific, nonvanishing modes actually rely on the selection rules of h 1 2L ; namely, | 2 − L| ≤ 1 ≤ | 2 + L| and 1 + 2 + L = even. If g 4M is nonzero, the modes obeying | 1 − 2 | = 2, 4 do not vanish. 1 In the same manner, g (2s)M induces the signal in | 1 − 2 | = 2, 4, · · · , 2(s − 1), 2s. This is indeed due to the fact that statistical isotropy is broken in these models.
We are now interested in how accurately g LM could be extracted from (future) CMB data. For this goal, we therefore perform a Fisher matrix analysis. Under the diagonal covariance matrix approximation, the Fisher matrix computed from the temperature and E-mode polarization anisotropies is given as [59] [60] [61] 
1 These off-diagonal components may also be induced by galactic foregrounds [58] .
where f sky is the fraction of the sky coverage and C −1 is the inverse of the 2 × 2 power spectrum matrix:
with N XX denoting the noise spectra of the temperature and E-mode polarization. Plugging Eq. (28) into this leads to
The 1σ errors can be computed by ∆g
LM,LM . The Fisher matrix coming from the temperature or Emode autocorrelation is given by a subset of this matrix, reading
where the 1σ errors read ∆g
1 is justified, so the Fisher matrix can be simplified to 
Notice that the latter result indicates a very weak dependence of ∆g LM on L. Figure 1 describes the numerical results of ∆g 2M and ∆g 4M estimated from temperature/polarization alone and temperature and polarization jointly, as a function of max . Note that our results of ∆g 2M are in agreement with those obtained in the previous literature [45, 61] . We find there that, in a full-sky noiseless CVL measurement, g 4M = O(10 −3 ) is detectable if max 1000. This is consistent with an expectation from Eq. (35) . Figure 1 also includes the errors expected in a Planck-like realistic survey. To compute these, non-negligible N T T and N EE close to the Planck noise level [3, 62] and f sky = 0.7 are taken into account. These induce sensitivity reduction, while ∆g 
IV. ANISOTROPIC SIGNATURES IN THE GALAXY POWER SPECTRA
In this section, we discuss the search for g LM with the galaxy power spectrum. The primordial curvature power spectrum under consideration is statistically anisotropic but homogeneous, so the resulting redshift-space galaxy power spectrum can be written as
withn being a line-of-sight direction. Here, we have used the local plane parallel approximation that is justified when the visual angle for correlation scales of interest is small. We therefore ignore the wide-angle effect in the following analysis. For simplicity, an argument of time, redshift z, is here and hereinafter omitted in some variables. Let us work under a scenario that isotropy of the Universe is broken during inflation, while it is restored after that and large-scale density fluctuations grow linearly. We can then model the galaxy power spectrum according to [63, 64] 
where b(z) is the linear bias parameter, and f (z) ≡ ∂ ln D/∂ ln a with a and D(a) denoting the scale factor and the growth factor, respectively. The quadrupolar angular dependence in the second term comes from the redshift-space distortion (RSD). In our case, the matter power spectrum is given by
where M k (z) is the linear matter transfer function.
into the Legendre basis, the galaxy power spectrum from Eq. (2) is rewritten as
2 The power spectrum in usual isotropic universe models can always be expanded as in the first line of Eq. (39). We only consider RSD here for simplicity but the contribution of the other relativistic effects (i.e., Doppler, Sachs-Wolfe effect, etc.) is simply a correction on the coefficients P j , with j = 0, · · · , 4. The only exception is lensing as its contribution is still in the form of Eq. (39) but affects all multipoles and it is not restricted to j ≤ 4 (see Refs. [65, 66] ). Reference [50] found that the peculiar angular dependence in the anisotropic curvature power spectrum can be completely distinguished from the RSD one via the bipolar spherical harmonic (BipoSH) decomposition [67] [68] [69] :
where the BipoSH basis is [67]
with
denoting the Clebsch-Gordan coefficients. 3 The BipoSH coefficients are derived according to
The angular dependence in P s ( k,n) (39) is decomposed using the spherical harmonics as Eq. (17) . In the same manner as Ref. [50] , performing the angular integrals of the spherical harmonics and adding the induced angular momenta, we can simplify π LM from Eq. (39). Renormalizing it as
3 Even if the wide-angle effect that is ignored in this paper is taken into account, the primordial anisotropic signal can be cleanly extracted by means of the tripolar spherical harmonic decomposition [50] .
without loss of generality, we derive [55]
where 
for L = 2 and 4 are plotted in Fig. 2 . It is confirmed that the dominant signal lies in = 0 (i.e., P 2M 20
for L = 4). This is simply because of
Via a diagonal covariance matrix approximation, the Fisher matrix from P LM (k) is simplified to [50] where V is the survey volume and
The Legendre coefficients P (O) J are composed of cosmic variance and the homogeneous shot noise according to P (O) 0
= P 4 , and P
J≥5 = 0 with n g denoting the number density of galaxies.
As indicated above, the signal for l 2 = l 2 = 0 contributes dominantly to the summation in Eq. (51). This, together with H l10L ∝ δ l1,L , allows us to write
The fact that P
.
(54) Assuming a CVL-level galaxy survey (i.e., P (O) 0 P 0 ), the k integral can be analytically performed and we thus obtain
Again this indicates the weak dependence of ∆g LM on L.
Unlike the CMB power spectrum, the galaxy one has redshift dependence. This enables a tomographic analysis. Adding the information from N bin independent redshift bins, the Fisher matrix is enhanced as
The expected 1σ errors on g LM are computed according to ∆g g LM = 1/ F g,tot LM,LM .
4 Figure 3 shows ∆g 2M and ∆g 4M expected in an ongoing survey like the Baryon Oscillation Spectroscopic Survey [70, 71] that is part of SDSS-III [72] (CMASS) and next generation ones like the Subaru Prime Focus Spectrograph (PFS) [73] , and Euclid [74] , as a function of k max . The values of b, n g , and V per each redshift bin in each experiment adopted here are summarized in Ref. [50] . In comparison with ∆g 2M evaluated from the previous SDSS data [46] , our results shrink by 1 − 2 orders of magnitude because of the sensitivity improvement. One can confirm that ∆g 2M and ∆g 4M scale like k −3/2 max as expected from Eq. (55) . The difference of their overall size between each experiment is mainly due to the difference of the total survey volume. The results in Fig. 3 and the weak dependence of ∆g LM on L suggest that g (2s)M = O(10 −2 ) is already testable from currently available data, and g (2s)M = O(10 −3 ) could be measured in near future.
V. CONCLUSIONS
In this paper we have taken the first step towards the detection of possible signatures of higher spin fields during inflation in the specific model where these fields are rendered effectively massless by a suitable coupling to the inflaton field, making them long living on super-Hubble scales. We have shown that in this setup these higher spin fields may leave a distinct feature at the level of the power spectrum of the comoving curvature perturbation by generating statistical anisotropy parametrized by the coefficients g LM in the spherical harmonic decomposition of P ζ .
We have shown that these coefficients can be probed down to O(10 −3 ) through CMB and LSS experiments, to O(10 −2 ) in current surveys and O(10 −3 ) in a near future survey. A remarkable feature is that the forecasted errors on the g LM are nearly independent on L. This is certainly welcome as one should expect that, in a consistent theory of higher spin fields in a de Sitter phase, all the spins, if effectively massless, should play a role. It would be interesting to investigate the imprint of higher spin fields on higher-order correlators and observables. 
